Aflatoxin contamination of peanut (Arachis hypogaea L.) results from growth of toxigenic strains of Aspergillus flavus Link ex Fries and A. parasiticus Speare. Reduction of aflatoxin contamination of peanuts grown and sold in the United States remains a high priority of the U.S. peanut industry. Practices recommended to prevent aflatoxin contamination (20) include maintenance of near-optimum water relations in the crop through irrigation; control of pod-and seed-feeding insects; optimal timing of digging and harvest; avoidance of mechanical damage during cultivation, harvest, and postharvest handling; rapid postharvest drying; and maintenance of low temperature and relative humidity (RH) in storage. In spite of these precautions, damage and contamination can still occur. Resistant cultivars would be an effective and low-cost component of an integrated aflatoxin management program. Three mechanisms of resistance to Aspergillus have been identified: resistance to seed colonization (usually tested in vitro), resistance to preharvest infection, and resistance to aflatoxin production.
Mixon and Rogers (14) proposed that peanut cultivars resistant to seed colonization by toxigenic Aspergillus species would be an effective means of reducing aflatoxin contamination. Mixon (9-13) released germ plasm lines and one cultivar, Sunbelt Runner, exhibiting this characteristic. Likewise, scientists at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) screened large numbers of lines for resistance to in vitro seed colonization by A. flavus (IVSCAF), and IVSCAF-resistant improved lines have been developed and released (8) . However, several concerns about the utility of IVSCAF resistance have been raised in the United States. Lines reported to be IVSCAF-resistant were found to exhibit as much as or more preharvest contamination than IVSCAF-susceptible cultivars (2) and to develop more aflatoxin contamination under storage at high RH (21) . The apparent failure of IVSCAF resistance to hold up under field conditions has prompted the U.S. peanut industry to seek germplasm with resistance to preharvest aflatoxin contamination for the past 10 years. Because of this emphasis, there has been little effort expended in identifying genotypes that support reduced levels of aflatoxin production when subjected to postharvest conditions highly conducive to fungal growth and aflatoxin synthesis.
Linoleic acid has been variously reported to stimulate or inhibit production of aflatoxin via lipoxygenase activity in vitro (1,3-5). Fabbri et al. (4) observed that aflatoxin production is increased by lipoperoxides of polyunsaturated fatty acids. In contrast, Doehlert et al. (3) reported that addition of either lipase, linoleic or linolenic acid to the soybean homogenate inhibited germination of A. flavus conidia, whereas oleic acid had no effect compared with untreated homogenates. Zeringue et al. (23) found that inhibition of aflatoxin production by volatile compounds emitted by ground corn (Zea mays L.) kernels was associated with elevated levels of linoleic acid in their seed oil.
Interest in the fatty acid composition of seed oil in peanut was due originally to its role in flavor and shelf life (16) . Researchers at the University of Florida discovered a natural variant with an elevated level of oleic acid and a correspondingly reduced level of linoleic acid. This trait improves the oxidative stability of the oil and extends the shelf life of products made from high-oleic peanuts. Current objectives of all U.S. peanut breeding programs include development of cultivars with elevated levels of oleic acid and depressed levels of linoleic acid. The first high-oleic cultivar was released in 1995 (6); numerous others have been released since or are currently under development. There is a strong negative correlation between levels of oleate and linoleate in peanut genotypes. In this paper, we will refer to the "high-oleic" trait because that is the common term in the peanut industry, but the reader should be aware that the trait could as easily be called the "low-linoleate" trait.
Because linoleate has been reported to affect the production of aflatoxin in vitro, there has been speculation that high-oleic peanuts would accumulate aflatoxin at levels different from normal-oleic peanuts. The only published work in this area was by Holbrook et al. (7) , who reported no difference between the two fatty acid types in preharvest aflatoxin contamination measured on field-grown seeds. The objective of this study was to evaluate the influence of the high-oleate trait on the ability of peanuts to support postharvest production of aflatoxin under laboratory condi-tions favoring fungal growth and aflatoxin development.
MATERIALS AND METHODS
High-oleic peanut lines (Table 1) were developed by backcrossing the genes from University of Florida mutant line F435 (15) into eight large-seeded virginia cultivars: NC 7, NC 9, NC 10C, NC-V 11, NC 12C, Gregory, VA-C 92R, and VA 93B. High-oleic lines were selected after two, three, or four backcrosses to the cultivar. Lines were evaluated in two tests using different experimental designs and incubation methods.
For test 1, 100 sound mature kernels (SMK) of each of five high-oleic lines produced under irrigation in the 1999 crop season (lines derived from NC 7, NC 9, NC 10C, NC-V 11, and VA-C 92R) were assayed for fatty acid profile using the technique of Zeile et al. (22) . Samples were extracted for 12 h in 1 ml of solvent (chloroform:hexane:methanol, 8:5:2 vol/ vol/vol) in stoppered test tubes. Fatty acid methyl esters of the lipid extracts were prepared using sodium methoxide. The samples were analyzed by gas chromatography using an HP 5890 Series II GC (Agilent Technologies, Inc., Wilmington, DE) equipped with an AT-Silar 30 m × 0.53 mm column (same source). Operating conditions were 1-µl injection volume, a 20:1 split ratio, and He carrier gas flow of 6 ml min -1 . Temperatures were 250, 200, and 275°C for the injector, oven, and FID, respectively. Chromatograms were analyzed using HP ChemStation software.
Fifty high-oleic seeds (average oleate 810 ± 14 g kg -1 , linoleate 34 ± 1 g kg -1 ) were chosen from each backcross-derived line for use in the experiment, as were 50 normal-oleic (average oleate about 580 g kg -1 , linoleate 280 g kg -1 ) SMK of the cultivars grown in 1999. Thus there were five pairs of normal-and high-oleic lines, each pair with a distinct background genotype. To avoid problems due to prior contamination of seeds with aflatoxin, all seeds used in the tests were visually inspected for apparent freedom from fungal colonization either on the seed surface or within the lumen. Seeds were not assayed for aflatoxin content prior to conducting the bioassay.
Five seeds were chosen at random from a particular line for each experimental unit. The cotyledons of each seed were separated to permit the seed to rest without rolling. The testa was removed from each seed half to eliminate the potential barrier to A. flavus growth. Because many cotyledons of the high-oleic lines cracked at the point where tissue was sampled for fatty acid analysis, each unbroken cotyledon was cut perpendicularly to the main axis of the seed into two roughly equal parts or "seed quarters." The 20 quarters were surface-sterilized by immersion in a 0.525% (vol/vol) sodium hypochlorite solution (10% vol/vol commercial bleach) for 3 min followed by a rinse in approximately 20 ml of sterile water. The sample was then placed on the surface of four sheets of sterile filter paper moistened with 5 ml of sterile water in a 10-cm plastic petri dish. Each piece was inoculated with 25 µl of a suspension containing approximately 1 × 10 6 conidia per ml of A. flavus strain NRRL 3357 (National Center for Agricultural Utilization Research, Peoria, IL). Groups of 10 samples were stacked, enclosed in plastic bags to prevent desiccation, and placed in an incubator at 28°C. The five pairs of lines were tested in a 10 × 10 Latin square experimental design; each line appeared once in each bag of 10 units and once at each position. Samples were checked for desiccation on the second day of incubation, and 1 ml of sterile water was added to each to keep the filter paper near saturation. After 8 days, samples were removed from the incubator and rated separately for mycelial growth, green color, and development of "fluffy" colonies on a proportional scale of 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments. These growth-related characteristics were found in previous methodological studies (data not shown) to be related to aflatoxin production levels, particularly at rating levels below 5.
In test 2, 25 seeds of each of the eight high-oleic lines (average oleate 814 ± 14 g kg -1 , average linoleate 29 ± 7 g kg -1 ) and eight corresponding normal lines were used in the test. The seeds were fieldgrown under irrigation in the 2000 crop season. Sample preparation and inoculation procedures were the same as for test 1, but the eight pairs of lines were tested in a balanced 4 × 4 square lattice design with five replicates. The incubation procedure was altered as follows. The 16 petri dishes in each replicate were arranged in a single layer on a plastic tray in four rows and four columns with columns as blocks. The trays were then enclosed individually in large plastic bags. The five trays were stacked in the incubator. Short sections of PVC pipe were inserted between adjacent trays in the stack to bear the weight and avoid downward pressure on the petri dishes' lids. The trays were rotated in vertical position each of the 8 days of incubation at 28°C.
Following incubation, samples were dried for 1 day at 60°C and for another 3 days at 40°C, then ground to a friable meal in a coffee mill and stored in scintillation vials until analyzed for aflatoxin content by high-pressure liquid chromatography in the NCSU Mycotoxin Lab in the Department of Poultry Science. Aflatoxin was extracted from a 2-g ground sample with acetonitrile-water (84 + 16 vol/vol) in a 5/1 extractant volume/sample weight ratio. The extract was purified using a Mycosep 224 column (Romer Labs, Union, MO). Aflatoxin was measured by fluorescence high performance liquid chromatography as the post-column-generated bromide derivative (18, 19) . Aflatoxins B1, B2, and total aflatoxin were measured. Aflatoxin data were log-transformed [Y = ln(Y + 0.5)] to stabilize error variance and subjected to analysis of variance by general linear model procedure (PROC GLM) of SAS version 8.2 (SAS Institute, Cary, NC). Means were separated by Fisher's protected t test. Means of the transformed data were backtransformed with the inverse of the transformation function (Y = e Y -0.5) to present values in parts per billion.
RESULTS AND DISCUSSION
Means for both untransformed and transformed aflatoxin values are presented because, although the log transformation resulted in lower coefficients of variation and greater precision of comparison, regulatory agencies do not perform such transformations prior to calculating mean aflatoxin content in samples taken from peanuts in trade. There were some discrepancies in rank between means of untransformed data and back-transformed values of means of transformed data. The latter were generally lower than the former.
Although it would not be possible to assert with complete confidence that none of the peanut samples had any aflatoxin contamination prior to conducting the experiment, there is indirect evidence that a priori contamination was not a problem. None of the seeds used for the test had any visibly obvious fungal colonization either on the exterior surface of the seed or within the lumen between cotyledons. There was no aflatoxin G1 or G2 detected in any sample, indicating that there was no contamination due to A. parasiticus. All seeds were produced in irrigated fields, minimizing the risk of preharvest aflatoxin contamination. Test 1. Pronounced position effects were observed in growth and color of mycelium in stacked experimental units with the most vigorous growth and darkest color developing in the upper units. Fungal growth and color development appeared to be depressed in the lower units. We observed that the petri dishes at lower levels became sealed shut because of the weight of the dishes on top of them. This may have resulted in insufficient air supply in the
with aflatoxin contents, raw or transformed. Inspection of the data on individual experimental units showed that units with growth or color ratings less than 5 had low aflatoxin production levels, while those with ratings greater than 5 exhibited a range of aflatoxin production from low to high. Position effects were detected (P < 0.0001) for all traits rated or measured (Table 2) . In each case, means were greater for units higher in the stack and less for units lower in the stack (data not shown), justifying the use of the Latin square design. Bag effects were detected for growth score (P = 0.036), transformed aflatoxin B1 (P = 0.026), and transformed total aflatoxin content (P = 0.026). Effects of background genotype were detected for growth score (P = 0.049), and for the transformed values of aflatoxins B1 (P = 0.036), B2 (P = 0.023), and their total (P = 0.034). Oleate level had no effect on growth, color, or development of fluffy colonies, but did influence (P < 0.05) contents of aflatoxins B1 and B2 and total aflatoxin whether transformed or not. No interaction between background genotype and oleate level was detected for any trait.
Examining the back-transformed aflatoxin contents (Table 3) , the accumulation of toxins in the five background genotypes occurred in the following order: NC 7, VA-C 92R, NC-V 11, and NC 9 and NC 10C, which were very close in value to each other. Mean content of each aflatoxin form was greater in the high-oleic variants (Table 4). Averaged across all background x Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments. y Parts per billion. z * , ** , *** Denote mean squares significant at the 10, 5, and 1% levels of probability, respectively. x Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments. y Parts per billion. z Means followed by the same letter are not significantly different (P < 0.05) by t test. ns = not significant. x Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments. y Parts per billion. z Means followed by the same letter are not significantly different (P < 0.05) by t test. ns = not significant. genotypes, there was nearly a twofold increase in aflatoxin B1, B2, and total aflatoxin in the high-oleic lines compared with the normal lines. The increase was apparent in both untransformed and backtransformed data.
Although the interaction between background genotype and oleate level was not statistically significant (Table 2) , the variance among high-oleic lines was substantially greater than that among normal lines for all three aflatoxin components (6,240,727 versus 841,856 ppb 2 for aflatoxin B1, 9350 versus 682 ppb 2 for aflatoxin B2, and 6,730,233 versus 886,881 ppb 2 for total aflatoxin). Two-tailed F tests of the variances were not significant for any component in spite of the up to eightfold difference in magnitude. Differences between the high-and normal-oleic members of individual pairs were not consistent across background genotypes. The difference was greatest in the VA-C 92R background, followed by NC 9. In the NC-V 11 background, the normal line actually produced slightly more aflatoxins B1 and B2 than the high-oleic line (data not shown).
Test 2. The use of trays separated by plastic spacers to relieve any downpressure on petri dishes at lower levels resulted in better growth, more uniform color development, fewer fluffy colonies, and higher levels of aflatoxin production than did use of stacked petri dishes ( Table  5 ). The coefficient of variation was reduced for all traits. Because of the increase in precision achieved with this technique, more effects were detected in test 2. The effects of background genotype, oleate level, and their interaction were significant (P < 0.0415) for growth and color scores and for all components of aflatoxin, untransformed or transformed, except the effect of interaction between background genotype and oleate level on untransformed aflatoxin B2. Fluffy colony scores were affected only by tray.
The order of background genotypes in accumulating aflatoxins was dependent on whether or not the data were log transformed (Table 6 ). The ordering was not consistent with that found in test 1, although seeds of NC 7 were again the most contaminated. In general, NC 7 and NC 12C had high levels, VA-C 92R and VA 93B had the lowest levels, and the other genotypes were intermediate. x Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments. y Parts per billion. z * , ** Denote mean squares significant at the 1 and 5% levels of probability, respectively. x Proportional rating scale from 0 (no growth, green color, or fluffy colonies) to 10 (dense mycelium on all quarters, dark green color, or all fluffy colonies) in one-point increments. y Parts per billion. z Means followed by the same letter are not significantly different (P < 0.05) by t test. ns = not significant. As was found in test 1, the high-oleic trait increased aflatoxin contamination across genotypes. On average, the increase was again nearly twofold (Table 7) , but there were detectable differences in the amount of increase depending on the background genotype. This variation in difference produced the observed interaction ( Table 5 ). The magnitude of the difference between high-and normal-oleic lines (Table 8) ranged from 21 to 244% for untransformed aflatoxin B1 (13 to 330% for backtransformed values), 48 to 367% for untransformed aflatoxin B2 (47 to 502% for back-transformed values), and 22 to 247% for untransformed aflatoxin B1 (14 to 333% for back-transformed values). The increases were not significant for several aflatoxin components in NC 7, the background genotype with the greatest average levels of contamination, and in VA 93B, a background genotype with relatively low average contamination in this study. There were two cases of inconsistency in the results using transformed versus untransformed data. In the NC 7 background, untransformed aflatoxin B2 was higher (1,792 versus 1,098 ppb, P = 0.021) in the high-oleic line than in the normal, while the difference was not significant in the transformed data. In the VA 93B background, the converse was observed: the difference was significant (P = 0.007), when using transformed data but not when using untransformed data. These are minor inconsistencies when viewed in the overall context of the study. In no case in test 2 was aflatoxin contamination even numerically lower in the high-oleic line than in the corresponding normal-oleic line.
The high-oleic lines had increased ability to support production of aflatoxin. It should be reiterated that the increase in oleate level associated with the so-called high-oleic trait of peanut is achieved by a corresponding reduction in the level of linoleate, the fatty acid reported to affect aflatoxin production. The extent to which high-oleate peanuts may be predisposed to aflatoxin contamination may be modulated by other genotypic factors. These differences could be caused by epistatic interaction between the genes conditioning the high-oleic trait and other genes in the background genotype, or they could be the result of linkage between the high-oleate gene and the gene or genes influencing aflatoxin production. It is not possible to differentiate between the two possibilities using the data collected in this study. It should be possible to differentiate them by studying high-oleic lines developed by mutagenesis rather than by backcrossing.
Under field conditions, Holbrook et al. (7) found that low linoleic acid level had no measurable effect on preharvest aflatoxin contamination, and proposed that reducing linoleic fatty acid composition does not appear to be a viable approach toward reducing preharvest aflatoxin contamination in peanut. The results of our study may appear to be inconsistent with those of Holbrook et al., but there were two fundamental differences in the methods employed in the two studies. First, Holbrook et al. (7) monitored preharvest aflatoxin contamination in seeds from normal-and high-oleic plants inoculated in the field and deliberately subjected to drought stress while we examined the effect of the high-oleic trait on postharvest contamination in seeds under laboratory conditions chosen to favor fungal growth and aflatoxin synthesis. The results of the two studies are not directly comparable. Results of our investigation are applicable to seeds in storage. Second, Holbrook et al. (7) compared an array of high-oleic lines with two checks: the standard cultivar Florunner and the multiply diseaseresistant germ plasm line Tifton 8. Their contrast between genotypes confounded the high-oleic trait with numerous other genetic differences. We compared pairs of lines with nearly the same background genotypes, one member of the pair with normal oleate level and the other with the high-oleate trait. This pairing helps separate the effect of background genotype from that of contribution of the fatty acid profile.
Results from these studies have important implications for postharvest handling and storage in peanuts. Because these data suggest increased ability of high-oleic lines to support aflatoxin production during storage, it is critical for growers, shellers, and processors to take all precautions to prevent growth of Aspergillus spp. in seed of cultivars of this type. These data also support the importance of developing higholeic lines with background genotypes that have reduced ability to support aflatoxin production to offset the increased susceptibility conditioned by the high-oleic trait.
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